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We have used pulsed electron paramagnetic resonance (EPR) measurements of the electron spin polarised (ESP) signals arising from the
geminate radical pair P700.
+
/A1
. to detect electron transfer on both the PsaA and PsaB branches of redox cofactors in the photosystem I
(PSI) reaction centre of Chlamydomonas reinhardtii. We have also used electron nuclear double resonance (ENDOR) spectroscopy to
monitor the electronic structure of the bound phyllosemiquinones on both the PsaA and PsaB polypeptides. Both these spectroscopic assays
have been used to analyse the effects of site-directed mutations to the axial ligands of the primary chlorophyll electron acceptor(s) A0 and the
conserved tryptophan in the PsaB phylloquinone (A1) binding pocket. Substitution of histidine for the axial ligand methionine on the PsaA
branch (PsaA-M684H) blocks electron transfer to the PsaA-branch phylloquinone, and blocks photoaccumulation of the PsaA-branch
phyllosemiquinone. However, this does not prevent photoautotrophic growth, indicating that electron transfer via the PsaB branch must take
place and is alone sufficient to support growth. The corresponding substitution on the PsaB branch (PsaB-M664H) blocks kinetic electron
transfer to the PsaB phylloquinone at 100 K, but does not block the photoaccumulation of the phyllosemiquinone. This transformant is unable
to grow photoautotrophically although PsaA-branch electron transfer to and from the phyllosemiquinone is functional, indicating that the B
branch of electron transfer may be essential for photoautotrophic growth. Mutation of the conserved tryptophan PsaB-W673 to leucine affects
the electronic structure of the PsaB phyllosemiquinone, and also prevents photoautotrophic growth.
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1. Introduction primary electron donor P700, which is a dimer of chloro-The photosystem I (PSI) reaction centre is a plastocya-
nin–ferredoxin oxidoreductase (see Ref. [1] for recent
reviews). Light energy initiates electron transfer from the0005-2728/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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Abbreviations: EM, oxidation–reduction mid-point potential; ENDOR,
electron nuclear double resonance; EPR, electron paramagnetic resonance;
ESEEM, electron spin echo envelope modulation; ESP, electron spin
polarised; OD, optical density; PAR, photosynthetically active radiation;
PCR, polymerase chain reaction; PMS, phenazine methosulphate; PSI,
photosystem I; P700, primary electron donor of photosystem I; DHptp, line
width peak-to-peak of first derivative EPR spectrum; A0, chlorophyll
primary electron acceptor in photosystem I; A1, phylloquinone secondary
electron acceptor in photosystem I; FA, FB and FX, [4Fe–4S] centres of
photosystem I; PhQ, phylloquinone; hfc’s, hyperfine couplings
* Corresponding author. Tel.: +44-207-882-3019; fax: +44-208-983-
5489.
E-mail address: P.Heathcote@qmul.ac.uk (P. Heathcote).phyll a molecules. The primary electron acceptor A0 is a
chlorophyll a monomer, which transfers electrons to a
phylloquinone (vitamin K1) secondary electron acceptor
A1. Subsequently, electrons are transferred to a bound
[4Fe–4S] centre, FX, and then on to two further bound
[4Fe–4S] centres called FA and FB. The PSI reaction centre
contains two major core proteins PsaA and PsaB [2], which
show extensive sequence homology and form a heterodi-
meric complex binding P700, A0, A1, and FX. During the
last 10 years, two groups in Berlin have worked to resolve
the X-ray crystal structure of the PSI complex from Syn-
echococcus elongatus, and Fromme and Krauss with co-
workers have recently published a new structure of a
trimeric form of this complex at 2.5 A˚ resolution [3].
The publication of this structure enables the first detailed
examination of structure–function relationships in this Type
I reaction centre, which differs in many respects from the
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centres of purple photosynthetic bacteria [4]. Two of these
differences have been addressed by the experiments pre-
sented in this study: the properties of the binding pocket for
the primary electron acceptor A0, and the route(s) of
electron transfer in the PSI reaction centre.
Type I reaction centres function over a more reducing
range of redox potentials than Type II, as they need to
generate electrons with a sufficiently low redox potential to
reduce NADP+ to NADPH. The binding pockets of the
primary and secondary electron acceptors show a number
of unique features that may well explain the function of
these components at relatively low redox potentials. The
axial ligand to each of the chlorophylls that are candidates
for the A0 electron acceptor is provided by the sulphur of a
methionine side chain. This provides a relatively weak
ligand and could also serve to exclude water, which could
potentially form a stronger ligand. The lack of a strong fifth
ligand to the central magnesium of this chlorophyll, togeth-
er with the hydrogen bonding of a tyrosine to the keto
oxygen of ring V, have been identified [3,5] as particular
elements of the A0 binding pocket in PSI that may account
for the relatively low redox potential at which the A0
acceptor operates. Whereas the EM of chlorophyll a reduc-
tion is f 900 mV in vitro [6], the EM of A0/A0. is
estimated at  1050 mV [7].
Another possible difference between Type II and Type I
reaction centres is suggested by evidence indicating that
electron transfer may take place along both branches of the
PSI reaction centre. The structure of the PSI reaction centre
[3,5] has apparent (pseudo) C2 symmetry, with two possible
routes of electron transfer from P700 to FX via two
alternative accessory chlorophylls, two alternative A0 chlo-
rophyll primary electron acceptors and two alternative A1
secondary phylloquinone electron acceptors. These form
two separate possible electron transfer chains, with the pairs
of primary and secondary electron acceptors bound to either
the PsaA or PsaB polypeptides. Experiments using either
optical or electron paramagnetic resonance (EPR) spectro-
scopic measurements of A1
. reoxidation, together with
biochemical or genetic modification of the PSI iron–sulphur
centres, established an electron transfer path from A1 to FX
with an electron transfer rate at room temperature of
t1/ec 200 ns [8–10]. We have used [11] site-directed
mutagenesis of the conserved tryptophan PsaA-W693 of
Chlamydomonas reinhardtii to show that this rate is asso-
ciated with the phylloquinone bound to PsaA. Substitution
of histidine or leucine for the tryptophan slows down
forward electron transfer from A1 to FX by a factor of 2–3.
However, there have been reports in the literature that a
faster rate of electron transfer from A1 to FX of c 20 ns at
room temperature could also be detected [12,13], although
this varied between different PSI preparations. Joliot and
Joliot [14] measured optical transients that they attributed to
phyllosemiquinone oxidation, in whole cells of the green
alga Chlorella sorokiniana. They observed two rates ofoxidation, t1/2 = 13 and 140 ns at room temperature. The
two phases are of approximately equal intensity. They
suggested that electron transfer is in fact bidirectional and
occurring on the PsaB branch as well as the PsaA branch,
with initial electron transfer being randomly directed to
either side of the reaction centre with the overall rate limited
on each side by the A1 to FX rate [14]. This suggestion was
supported by analysis of the site directed mutants of C.
reinhardtii, PsaA-W693F and PsaB-W673F [15]. The fast
phase of 13 ns seen in C. reinhardtii is slowed by the PsaB
side mutation to 70 ns, and the 140 ns rate by the PsaA
mutation to 490 ns. However, the extent to which electron
transfer occurs on the PsaB branch of the PSI reaction centre
is still a controversial topic, mainly because it has not
proved possible to measure an EPR transient corresponding
to the fast phase of phyllosemiquinone oxidation reported
by Joliot and co-workers [14,15].
We have in the last year developed biochemical and
paramagnetic resonance spectroscopic procedures that allow
us to monitor electron transfer on the PsaB-branch redox
cofactors, and which provide evidence for electron transfer
on this branch, albeit in frozen samples. An electron spin
polarised (ESP) transient EPR signal is known to arise from
the geminate radical pair P700.+/A1
. in PSI [16–18]. In a
recent experiment we have measured the decay of this ESP
signal at 100 K [19]. At this temperature the rates recorded
are thought to reflect the influence of two different protein
environments (PsaA and PsaB) on the decay of the corre-
lation of the P700.+/A1
. geminate radical pair, rather than
actual recombination between P700.+ and A1
., since the
rates obtained are an order of magnitude faster than the
reported rate for electrons to return to P700.+ from A1
.
[20]. One decay rate that can be observed in frozen PSI can
be attributed to PsaA side electron transfer. However, two
rates of decay can be observed if the FX electron acceptor is
pre-reduced, and we interpret the results as indicating that
electron transfer from P700 can occur to either the A-side or
B-side phylloquinone at 100 K [19].
Normally, illumination of PSI in the presence of dithion-
ite at pH 8 and 205 K reduces one phyllosemiquinone per
P700.+, and photoaccumulation at pH 8 and 220 or 230 K
reduces one phyllosemiquinone and one chlorophyll anion
(attributed to A0
.) [21,22]. Proton electron nuclear double
resonance (ENDOR) spectra from wild type (WT) and the
PsaA-W693 mutants demonstrate that the phyllosemiqui-
none photoaccumulated under these conditions is that at-
tributed to the PsaA branch of electron transfer [11,23].
However, photoaccumulation of C. reinhardtii PSI at pH 10
and 220 K produces a maximum of four spins per P700.+,
and proton ENDOR spectra indicate that a second phyllo-
semiquinone is being photoaccumulated. This phyllosemi-
quinone has markedly different proton hyperfine couplings
(hfc’s) and is unaffected by mutation to PsaA-W693, con-
firming that it does not arise from the PsaA branch of
electron transfer [24]. We therefore conclude that this is the
PsaB phyllosemiquinone and that electron transfer from
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toaccumulation at 220 K.
We now report on the characterisation of three new site-
directed mutants of C. reinhardtii in which the methionine
axial ligand to the A0 primary electron acceptors on the A and
B sides (PsaA-M684 and PsaB-M664, respectively) have
been changed to histidine, and the tryptophan PsaB-W673
has been changed to a leucine. We find that the PsaA-M684H
mutation completely blocks electron transfer to the phyllo-
quinone on the PsaA branch, although electron transfer to the
PsaB phylloquinone is unaffected. This mutant is able to
grow photoautotrophically, demonstrating that not only is
electron transfer possible on the PsaB branch as well as the
PsaA branch, but that electron transfer on the PsaB branch
alone is sufficient to support growth. The corresponding
PsaB-M664H mutation completely blocks kinetically com-
petent electron transfer on the PsaB branch, although photo-
accumulation of the PsaB phyllosemiquinone is still possible.
This mutant is unable to grow photoautotrophically, suggest-
ing that PsaA-branch electron transfer alone is not sufficient
to support growth. The substitution of leucine for the con-
served tryptophan PsaB-W673 affects the electronic structure
of the phyllosemiquinone attributed to the PsaB branch [24],
but not that of the phyllosemiquinone on the PsaA branch,
confirming the assignment of this photoaccumulated phyllo-
semiquinone to PsaB. As with the PsaB-M664H mutation,
the PsaB-W673L change blocks kinetically competent elec-
tron transfer to the PsaB phyllosemiquinone and prevents
photoautotrophic growth.2. Materials and methods
2.1. Creation of site-directed mutants
Site-directed changes were introduced into the PsaA and
PsaB subunits by biolistic transformation of the wild-type C.
reinhardtii strain CC-1021 essentially as described previ-
ously [11]. For the PsaA-M684H mutation, plasmid pBev1-
Avr, which contains the psaA-3 gene linked to the specti-
nomycin-resistance marker aadA [11], was engineered such
that the methionine codon (ATG) at position 684 was
changed to histidine (CAC). The mutation results in the
loss of an MseI site, allowing the discrimination between
wild-type and the mutant psaA-3 allele in transformants. For
the PsaB mutations, plasmid pAF16 was used. This plasmid
was made as follows: the 6.0-kb EcoRI chloroplast fragment
(Eco14) containing psaB was cloned into a derivative of
pBluescript in which the polylinker region has been
replaced with NheI and EcoRI sites, creating pAF60. A
unique BglII site was then engineered into pAF60 within the
psaB-trnG intergenic region, 224 bp downstream of the
psaB stop codon. The aadA marker was then introduced into
the BglII site in the same orientation as psaB to create
pAF16. Site-directed changes were introduced into psaB
using a two-step polymerase chain reaction (PCR) strategyand the resulting PCR product cloned into pAF16 using the
unique SpeI and NcoI sites that flank the modified region.
For the PsaBM664H mutation, the methionine codon (ATG)
at position 664 (see note below) was changed to histidine
(CAC), resulting in the loss of an Hsp92II site. For the
PsaBW673L mutation, the tryptophan codon (TTG) at
position 673 was changed to leucine (CTG) and a silent
change introduced in codon Q674 to create a PstI site. All
plasmid constructs were verified by DNA sequencing. The
three plasmids were introduced into the C. reinhardtii
chloroplast using the biolistic process and aadA transform-
ants selected in dim light ( < 1 AE m 2 s 1) on TAP plates
containing spectinomycin [11]. Transformant colonies car-
rying the site-directed change were identified by molecular
analysis of PCR products derived from psaA-3 or psaB.
These transformant lines were repeatedly re-streaked to
single colonies under selective conditions to obtain homo-
plasmic lines in which all copies of the gene within the
chloroplast carried the site-directed change.
Note: Our re-sequencing of C. reinhardtii psaB (Genbank
acc. no. U57326) has resulted in the correction of a number
of errors in the original sequence (acc. no. X05848); the
most significant of which corrects the protein sequence
immediately downstream of residue 200 from PELQR. to
PESR. This results in the renumbering of residue M664 to
M663 and W673 to W672. However, in order to maintain
consistency with previous work (e.g. Ref. [15]), we have
used the old numbering system in this paper.
2.2. Growth analysis
Strains were initially cultured in liquid TAP medium at
25 jC in darkness. The growth phenotype was then deter-
mined by spotting 5 Al of log-phase culture on: (a) acetate-
containing medium (TAP medium) and incubating the plates
either in the dim light [ < 1 AE m 2 s 1 photosynthetically
active radiation (PAR)], moderate light (45 AE m 2 s 1) or
high light (240 AE m 2 s 1); (b) minimal medium (HSM
medium) and incubating in moderate or high light under
aerobic or anaerobic conditions [11].
The photoautotrophic growth rate of PsaA-M684H was
monitored in liquid HSM medium in comparison to WT C.
reinhardtii. Cultures were grown to mid-log phase (3–
5 106 cells/ml) and then inoculated into fresh HSM medi-
um, to a final OD750 nmi0.1. The diluted cultures were
incubated at 25 jC with both continuous shaking at 120 rpm
and illumination at 45 AE m 2 s 1. Aliquots were removed
at various time intervals, and the OD750 nm measured.
2.3. Western blot analysis
Western blot analysis of whole cell extracts was carried
out as described previously [11] using antibodies to PsaA
and PsaD. The PsaA antibodies were obtained from K.
Redding (University of Alabama). The PsaD antibodies were
raised in rabbit using a mixture of two synthetic peptides
Fig. 1. Growth properties and accumulation of PSI in the mutants. Cultures
of the wild-type (WT) strain and the three mutants, together with PsaA-
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correspond to regions of the mature C. reinhardtii PsaD.
2.4. Biochemical and spectroscopic analysis
Cells were harvested from large scale (16 l) cultures using
a Millipore Pelicon filter system. The chloroplast membrane
fraction was prepared by the procedure described by Diner
and Wollman [25]. The membranes were washed to remove
excess sucrose and suspended in 20 mM Tris–HCl pH 8.0
containing 100 mM NaCl. An enriched PSI preparation was
made by treatment with digitonin following the procedure of
Boardman [26] except that 1% digitonin was used. CW and
kinetic EPR measurements were made on whole cells,
thylakoid membrane preparations and digitonin PSI prepara-
tions at concentrations of 2–6 mg chlorophyll/ml. For kinetic
measurements, samples in standard 3-mm quartz EPR tubes
were reduced either with sodium ascorbate (10 mM) or
sodium ascorbate (10 mM) and phenazine methosulphate
(PMS, 100 AM) for 30 min in the dark prior to freezing in the
dark in liquid nitrogen, or reduced with 11.5 mM sodium
dithionite and photoaccumulated as described next. Samples
were stored in liquid nitrogen in the dark. In order to photo-
accumulate A1
. and A0. the samples in standard EPR tubes
were reduced for 30 min in the dark with sodium dithionite
prior to freezing in liquid nitrogen. A1
. and A0. radicals
were then photoaccumulated by illumination at 205 or 220 K
as described previously for pH 8 [21,27] and pH 10 [22,24].
Briefly this involves illumination of EPR samples in an
unsilvered dewar with quartz halogen lamps at a photon flux
density of 1500 AE m 2 s 1.
2.5. Paramagnetic resonance spectroscopy (CW EPR,
pulsed EPR and ENDOR)
CW EPR spectra were recorded on a JEOL RE1X or a
Bruker ESP 300 spectrometer fitted with an Oxford Instru-
ments ESR9 liquid helium cryostat. Kinetic pulsed EPR
spectra and kinetics were measured as described previously
[8] using a Bruker ESP380 X-band spectrometer with a
variable Q dielectric resonator (Bruker Model 1052 DLQ-H
8907) fitted with an Oxford Instruments CF935 cryostat
cooled with liquid nitrogen. Actinic illumination was sup-
plied by an Nd-YAG laser (Spectra Physics DCR-11) with
10-ns pulse duration. ENDOR spectra were obtained at X-
band using a Bruker ESP300 spectrometer as described by
Rigby et al. [28,29].
W693L [11] and the PSI-deficient mutant PsaA-C575D [30], were grow in
acetate medium in darkness and then spotted onto solid media. Medium
containing acetate allows heterotrophic growth whereas minimal medium
will support only photoautotrophic growth. Colonies were allowed to
develop under different light levels: low ( < 1 AE m 2 s 1); mod. (45 AE
m 2 s 1) or high (240 AE m 2 s 1), and in the presence or absence of
oxygen, as indicated. The lower panel shows immunoblots using antibodies
to PsaA or PsaD. Equal loadings of whole cell extracts were separated on a
15% polyacrylamide gel and probed with the antibodies. To allow
quantification, WT extract was diluted with the PsaA-C575D (C–D)
extract to give 25% and 12% WT loadings.3. Results
3.1. Effect of mutations on accumulation of photosystem I
and growth phenotype
Previous work by ourselves and others (e.g. Refs.
[30,31]) has shown that changes to key residues withinPSI of C. reinhardtii can have a profound effect on the
assembly or stability of the complex, resulting in a lack of
accumulation of PSI within the cell. We therefore deter-
mined the level of PSI by Western blot analysis of whole-
cell extracts using antibodies to the subunits PsaA and
PsaD. The lower panel of Fig. 1 shows the level of PsaA
and PsaD in each mutant. The changes to the methionine
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relatively minor effect with PSI accumulating to near wild-
type levels in both cases. The substitution of the tryptophan
associated with the B-side phylloquinone (PsaB-W673L)
has a more deleterious effect with PSI levels approximately
20% of wild-type as judged by the level PsaD, and less as
judged by the level of PsaA (Fig. 1). This is in contrast to
the corresponding mutation in the A-side phylloquinone
binding pocket (PsaA-W693L) where PSI levels are ap-
proximately 50% of wild type [11].
The growth phenotype of the mutants was examined
under a range of conditions (Fig. 1). All three mutants
are capable of heterotrophic growth on solid medium
containing acetate, and are less sensitive to light than the
PSI-deficient strain PsaA-C575D. However, the B-side
mutants do display a light sensitivity when grown under
high illumination. This light-sensitive phenotype in PSI
mutants has been shown previously to be dependent on
the presence of oxygen, with some mutants capable of
phototrophic growth only under anaerobic conditions
[32]. This is the case with the A-side mutant, PsaA-
W693L [11] and to a lesser extent the PsaA-M684H
mutant which displays reduced phototrophic growth in
the presence of oxygen but normal growth in its absence
(Fig. 1). Interestingly, this mutant has a growth rate
comparable with that of the wild-type strain when grown
in liquid minimal medium under moderate light. AsFig. 2. EPR spectra of the g = 2.00 region of C. reinhardtii membranes following
type, (b) the PsaA-M684H mutant. The sample pH is given on the figure. pH 8 sa
Difference spectra created by subtracting the spectrum of the pH 8 sample from t
power 40 AW; modulation amplitude 1.2 G; modulation frequency 12.5 kHz; tem
ENDOR cavity.shown in Fig. 1, neither of the B-side mutants is capable
of photoautotrophic growth under either aerobic or an-
aerobic conditions.
3.2. Spectroscopic characterisation of the PsaA-M684H
mutant of C. reinhardtii: electron transfer from P700 to FA/
FB and photoaccumulation of A1
. and A0.
Initially, the ability of mutants to transfer electrons from
the electron donor P700 to the terminal electron acceptors
FA/FB was monitored using CW EPR (data not shown). In
WT C. reinhardtii this electron transfer can be initiated by
illumination of the sample at 15 K in the cryostat, and is
essentially irreversible over the time scale of measurement.
Illumination of digitonin PSI preparations of the PsaA-
M684H mutant, frozen in the dark in the presence of
sodium ascorbate, produced EPR signals corresponding to
P700.+ and (FA/FB)
. This demonstrates that electron
transfer under these conditions (electron transfer from
P700 to the bound FeS centres FA/FB at cryogenic temper-
atures) is not affected by the PsaA-M684H substitution,
and also indicates that functional PSI is assembling in this
mutant.
Digitonin PSI preparations of the PsaA-M684H mutant
were then reduced with sodium dithionite at either pH 8 or
pH 10 in the dark and frozen, as described in Materials and
methods. These samples were then illuminated at 205 or 220photoaccumulation in the presence of sodium dithionite at 220 K: (a) wild-
mples were photoaccumulated for 180 min, and pH 10 samples for 30 min.
hat obtained at pH 10 are also shown. Experimental conditions: microwave
perature 70 K; each spectrum is the sum of four scans; measured using the
Fig. 3. ENDOR spectra of semiquinone radicals photoaccumulated in the
presence of sodium dithionite in C. reinhardtii membranes: (a) the PsaA-
M684H mutant photoaccumulated at pH 10 at 205 K for 5 min; (b) the
PsaB-W673L mutant photoaccumulated at 220 K showing the spectrum
produced by subtraction of a pH 8 sample from that obtained at pH 10
Times of photoaccumulation at different pH are as given in legend to Fig. 2.
Experimental conditions: microwave power 7.9 mW; r.f. power 100 W; r.f.
modulation depth 177 MHz; temperature 75 K; each spectrum is the sum of
200 scans.
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and secondary electron acceptors in PSI.
Photoaccumulation of pH 8 samples at 205 K for 5 min
in wild-type C. reinhardtii generates one spin per P700,
assigned to PsaA:A1
. [11,21,22]. Photoaccumulation of
PsaA-M684H under these conditions generated an EPR
spectrum characteristic of the phyllosemiquinone radical,
A1
., having an asymmetric line shape with a line width ofTable 1
Proton hyperfine couplings for PsaA phyllosemiquinone and PsaB
phyllosemiquinone in WT, PsaA-M684H and PsaB-W673L
Feature Proton hyperfine couplings (hfc’s) in MHza Assignment
PsaA
PhQ
PsaB PhQ
produced by
subtraction
PsaB PhQ
in PsaA-M684H
PsaB PhQ
produced by
subtraction in
PsaB-W673L
2 (– )4.5 (– )3.6 (– )3.0 (– )3.5 H-bond A?
2 (– )6.2 (– )5.0 (– )5.0 (– )4.5 H-bond A?
2 (– )5.0 H-bond A?
5 N.D. N.D. 6.0 6.0 H-bond AO
4 8.9 7.1 7.1 6.8 Methyl A?
5 9.1 H-bond AO
6 12.0 10.5 10.5 10.3 Methyl AO
5 12.6 11.6 11.6 11.6 H-bond AO
a From ref. [34].approximately 8.75 gauss (DHptp). The spectrum also
contained a minor contribution from a chlorophyll anion
radical (DHptpi17.5 gauss), which is observed as aFig. 4. Decay of the ‘‘out of phase’’ spin polarised signal at 265 and 100 K
in WT and mutant strains of C. reinhardtii. Please note that traces shown
are the results of single experiments, so the time constants for the fits shown
differ from the averaged data results from a number of data sets presented in
Table 2. The differences in the time constants arise between samples, rathe
than between separate measurements on the same sample. R is the residua
from the fit. (a) Pulsed EPR kinetics were measured at 265 K as described
in the Materials and methods. Samples reduced with ascorbate (20 mM) and
phenazine methosulphate (200 AM) were illuminated by a 10-ns pulse from
a doubled Nd:YAG laser with a flash repetition rate of 1 Hz. Signa
intensity was measured at the peak of the out of phase signal near g= 2.00
Single exponential fits are shown as solid lines. (b) Pulsed EPR kinetics
was measured at 100 K as described in the Materials and methods. Samples
were reduced with sodium ascorbate (20 mM) or sodium dithionite (11.5
mM). Spectra were recorded from the dark-adapted samples, the dithionite
samples were then illuminated at 205 K for 5 min and the kinetics measured
again. Samples were illuminated by a 10-ns pulse from a doubled Nd:YAG
laser with a flash repetition rate of 10 Hz. Signal intensity was measured a
the peak of the out of phase signal near g= 2.00. Single or bi-exponentia
fits are shown as solid lines.r
l
l
.
t
l
Fig. 4 (continued).
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particular.
Photoaccumulation of pH 10 samples at 205 K for 2 min
in wild-type C. reinhardtii generates one spin per P700,
assigned to PsaA:A1
. [11,21,22]. This procedure was
carried out for the PsaA-M684H mutant, and the resulting
spectrum was again characteristic of the phyllosemiquinone
radical, A1
. and contained minor contributions from a
chlorophyll anion radical.
Photoaccumulation at 220 K and pH 8 or 10 of
digitonin PSI preparations from PsaA-M684H reduced with
sodium dithionite produced both a phyllosemiquinone
radical and a chlorophyll anion radical (see Fig. 2b).
However, subtraction of the pH 8/220 K spectrum from
the pH 10/220 K spectrum produced a flat baseline (Fig.
2b), indicating that additional species were not photoaccu-mulated at pH 10/220 K compared to photoaccumulation at
pH 8/220 K. This is in contrast to the results obtained with
PSI from WT C. reinhardtii [24] (Fig. 2a) where the PsaB
phyllosemiquinone and an additional chlorophyll anion
species would be reduced at pH 10 and 220 K. So it
seems that although photoaccumulation of the PsaA-
M684H PSI at 205K and either pH 8 or 10 will reduce a
phyllosemiquinone species (which in WT would be
assigned to PsaA:A1
. [11,21,22]), photoaccumulation at
pH 10 and 220 K does not reduce an additional phyllose-
miquinone species as seen in WT [24]. This could suggest
that either the PsaA or PsaB-branch phyllosemiquinone
was not being photoaccumulated in PsaA-M684H, and
since this is a mutant of the axial ligand to A0 on the
PsaA branch, it would seem likely that the PsaA-branch
phyllosemiquinone is that affected. However, this cannot
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phyllosemiquinone that is photoaccumulated in PsaA-
M684H is examined by proton ENDOR spectroscopy,
which is capable of distinguishing between the PsaA and
PsaB-branch phyllosemiquinones [24].
3.3. Spectroscopic characterisation of the PsaA-M684H
mutant: proton ENDOR spectra of photoaccumulated
phyllosemiquinone radical(s) A1
.
Since it seems that the PsaA-M684H substitution has
prevented photoaccumulation of one of the two phyllose-
miquinones that could be photoaccumulated in PSI from
WT C. reinhardtii, i.e. of either the PsaA or PsaB
phyllosemiquinone, we decided to look in more detail at
the proton ENDOR spectrum of the digitonin PSI prepa-
ration of PsaA-M684H photoaccumulated at pH 10 and
205 K. These are conditions that normally lead to photo-
accumulation of one spin per P700 [21,22] attributed to
the PsaA-bound phyllosemiquinone alone [11]. Examina-
tion of the CW-EPR spectrum of this photoaccumulated
radical had previously suggested (see above) that this
procedure had generated phyllosemiquinone (8.75 gauss)
and a small amount of a species assigned to a chlorophyll
anion radical (17.5 gauss). Using temperature and micro-
wave conditions to minimise the contributions from the
chlorophyll anion radical, a proton ENDOR spectrum was
obtained (Fig. 3a and Table 1) which was indeed of a
phyllosemiquinone, but was of the phyllosemiquinone
attributed to the PsaB branch of electron transfer [24].
The spectrum contained none of the features attributed to
the PsaA-bound phyllosemiquinone [33], and since it was
obtained without the need to subtract one ENDOR spec-
trum from another as was previously required in WT
samples photoaccumulated at pH 10 and 220 K which
contained both the PsaA and PsaB-bound phyllosemiqui-
nones [24], this represents a more accurate determination
of the hfc’s associated with the PsaB-bound phyllosemi-
quinone. The hfc’s presented in Table 1 demonstrate that,
in fact, the subtraction technique employed previously [24]
had only affected one of the H-bond hfc’s, that with the
smallest hfc. Samples of PsaA-M684H photoaccumulated
at pH 8 and 205 K for 90 min, which in WT samplesTable 2
ESP decays (t1/e) in thylakoid membrane preparations from WT and mutant strain
Temperature of
measurement
Treatment of sample WT PsaA
265 K Ascorbate/dark 355(F 136) ns, n= 20 No s
100 K Ascorbate/dark 17 As No s
100 K Dithionite/dark 17 As 2.6(
100 K Dithionite/5 minutes
illumination at 205 K
17.7(F 2.4) and
2.3(F 1) As, f 70:30
2.3(
100 K Dithionite/15 minutes
illumination at 205 K
17.7(F 2.4) and
2.3(F 1) As, f 55:45
N.D
a 603(F 44) ns, n= 8, in whole cells.would lead to the photoaccumulation of one spin per P700
[21,24] attributed to the PsaA phyllosemiquinone [11],
yielded CW EPR spectra of a phyllosemiquinone (as
described above) whose proton ENDOR spectrum was
also that recently assigned to the PsaB phyllosemiquinone
[24].
These results clearly demonstrate that photoaccumulation
of the PsaA-bound phyllosemiquinone is prevented in PsaA-
M684H.
3.4. Spectroscopic characterisation of the PsaA-M684H
mutant: pulsed EPR measurements of forward electron
transfer from A1
. to FX, and of the decay of correlation of
the ESP signal arising from the geminate radical pair
P700.+/A1
.
Thylakoid membrane samples of wild-type C. reinhard-
tii and PsaA-M684H were prepared with sodium ascorbate
and PMS in order to study the decay of the ESP signal
attributed to the P700.+/PsaA:A1
. radical pair [11] at 265
K. This decay reflects forward electron transfer from A1
.
to FX [8–10] on the PsaA branch of electron transfer [11]
and in WT C. reinhardtii the t1/e is 355F 136 ns at 265 K
[23] (see also Fig. 4a and Table 2). At 265 K no ESP
signal could be detected in the PsaA-M684H mutant (Fig.
4a) suggesting that the P700.+/PsaA:A1
. radical pair is
not being formed.
At 100 K the rates recorded for the disappearance of the
ESP signal reflect the influence of two different protein
environments (PsaA and PsaB) on the decay of the corre-
lation of the P700.+/A1
. geminate radical pair [19]. An
essentially monophasic decay rate of i17 As can be
observed in frozen PSI which can be attributed to PsaA-
branch electron transfer. A biphasic decay can be observed
if the FX electron acceptor is pre-reduced by photoaccumu-
lation of sodium dithionite-reduced samples at 205 K (Fig.
4b and Table 2), with a faster decay rate of t1/ei3 As
appearing in these circumstances which is attributed to
PsaB-branch electron transfer [19].
Fig. 4b and Table 2 present the 100 K kinetic measure-
ments for the PsaA-M684H mutant, in comparison to C.
reinhardtii wild type. No ‘‘slow’’ phase of decay of
correlation reflecting the PsaA-branch environment signals of C. reinhardtii
-M684H PsaB-M664H PsaB-W673L
ignal 749(F 96) ns, n= 17a 889(F 160) ns, n= 6
ignal 17.7 (F 1.3) As, n= 12 18.7(F 0.7) As, n= 4
F 0.1) As, n= 8 19.8(F 1.6) As n= 16 16.9(F 0.4) As, n= 8
F 0.1) As, n= 8 19.52(F 1.76) As, n= 12 17.7(F 0.48) As, n= 9
. 20.0(F 0.8) As, n= 14 17.4(F 1.14) As, n= 6
W.V. Fairclough et al. / Biochimica et Biwas observed in the PsaA-M684H mutant when frozen in
the dark in the presence of sodium ascorbate or sodium
dithionite, or after illumination at 205 K to reduce FX. A
monophasic rate is observed, of t1/e = 2.3–2.6 As, with no
contribution from the ‘‘slow’’ phase. These results are in
agreement with those obtained from the photoaccumula-
tion of radicals in PsaA-M684H (Fig. 3a and Table 1),
indicating that electron transfer to the phylloquinone on
the PsaA branch of electron transfer is blocked in this
mutant.
3.5. Spectroscopic characterisation of the PsaB mutants,
PsaB-M664H and PsaB-W673L: electron transfer from
P700 to FA/FB, photoaccumulation of A1
. and A0. and
ENDOR spectra of A1
.
The EPR signals corresponding to P700.+ and (FA/FB)

were observed when thylakoid preparations from PsaB-
M664H and PsaB-W673L were illuminated at 15 K (data
not shown), but the amount of P700.+ generated by illumi-
nation at cryogenic temperatures was noticeably reduced in
these transformants compared to WT, suggesting that al-
though irreversible electron transfer from P700.+ was
possible under prolonged illumination at these cryogenic
temperatures, the efficiency of this electron transfer was
impaired. However, these results and those from the West-
ern blot analysis confirm that functional PSI is assembling
in these mutants. Samples of PsaB-M664H and PsaB-
W673L were frozen at pH 8 and pH 10 in the presence of
sodium dithionite and photoaccumulated at 220 K for 90
min (pH 8) or 30 min (pH 10), and the CW EPR spectra
recorded. The samples photoaccumulated both a phyllose-
miquinone and chlorophyll anion radical species (data not
shown). Proton ENDOR spectra, acquired under conditions
that minimised the chlorophyll anion radical contribution
and maximised the phyllosemiquinone contribution, dem-
onstrated that both the PsaA and PsaB side phyllosemiqui-
nones were photoaccumulated (data not shown). This
finding indicates that photoaccumulation of the PsaB-side
phyllosemiquinone is not blocked in PsaB-M664H or PsaB-
W673L. However, the proton ENDOR spectrum of the PsaB
phyllosemiquinone [24] is altered by the PsaB-W673L
substitution (Fig. 3 and Table 1) compared to WT, whereas
the phyllosemiquinone photoaccumulated at pH 8 and 205
K attributed to the PsaA phyllosemiquinone [11,35] is
unaffected by this substitution. These results demonstrate
that the additional phyllosemiquinone species photoaccu-
mulated in the presence of dithionite at pH 10 and 220 K is
that bound to the PsaB polypeptide, as previously suggested
[24]. The proton ENDOR spectrum of the PsaB phyllose-
miquinone [24] is unaltered by the PsaB-M664H substitu-
tion, and at present we are unable to explain why this
substitution on the PsaA branch should block photoaccu-
mulation of the PsaA-branch phyllosemiquinone, and yet an
identical substitution on the PsaB branch should not have
this effect.3.6. Spectroscopic characterisation of the PsaB mutants,
PsaB-M664H and PsaB-W673L: pulsed EPR measurements
of forward electron transfer from A1
. to FX, and of the
decay of correlation of the ESP signal arising from the
geminate radical pair P700.+/A1
.
Samples of PsaB-M664H were reduced with sodium
ascorbate and PMS in order to study the decay of the ESP
signal attributed to the P700.+/A1
. radical pair at 265 K.
Fig. 4a and Table 2 present the 265 K pulsed EPR measure-
ments for wild-type and the PsaB-M664H mutant. These
data demonstrate that, although slowed by a factor of 2–3
compared to wild type, forward electron transfer on the
PsaA-branch of PSI in PsaB-M664H is occurring. Although
all the rates collected in Table 2 are from experiments on
thylakoid membrane preparations, we also carried out
experiments on whole cells of WT and mutant strains of
C. reinhardtii in order to ensure that preparation of thyla-
koid membranes was not perturbing PSI function. In every
case, the results were identical except for PsaB-M664H,
where, as noted in Table 2, rates of forward electron transfer
from A1 to FX as monitored by the ESP decay at 265 K were
significantly slower in thylakoid membranes. In whole cells
the M664H substitution in PsaB has only decreased the rate
at 265 K by 50%.
We had previously reported that substitution of histidine
or leucine for the conserved tryptophan PsaA-W693 of C.
reinhardtii slows down forward electron transfer from A1 to
FX on the PsaA branch (as measured by the decay of the
ESP signal at 265 K) by a factor of 2–3 [11], or perhaps
even blocks electron transfer. We had hoped that substitu-
tion of leucine for the equivalent tryptophan on PsaB (PsaB-
W673L) would have a similar effect, and that, as a result,
the rate of forward electron transfer from A1 to FX on the
PsaB branch would become slow enough to be detected by
the ESP technique. However, measurement of the decay of
the geminate radical pair P700.+/A1
. at 265 K (Fig. 4a) in
PsaB-W673L gave a decay that could be fitted as a single
exponential decay with t1/e of f 900 ns. This could simply
be explained as an effect of the PsaB-W673L substitution on
forward electron transfer on the PsaA branch, although it
could, in the absence of other evidence, be argued that there
is an underlying contribution from the PsaB branch to the
apparent rate of electron transfer that we are unable to
resolve.
Sodium dithionite was used to reduce samples of PsaB-
M664H and PsaB-W673L in order to measure 100 K ESP
kinetics. Fig. 4b and Table 2 present the 100 K kinetic
measurements for these mutants, in comparison to the wild-
type strain. The rate of decay of the spin polarised signal
attributed to the P700.+/A1
. radical pair in sodium ascor-
bate/PMS or sodium dithionite-reduced samples prior to
photoaccumulation is monophasic for PsaB-M664H and
PsaB-W673L and is comparable to wild type, indicating
that the decay of the correlation of the P700.+/A1
. gemi-
nate radical pair [19] is that reflecting the PsaA-branch
ophysica Acta 1606 (2003) 43–55 51
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sodium dithionite-reduced samples for 5 min to reduce FX
led to no change in the rate of decay. The biphasic rate
observed for the WT is not seen in either PsaB-M664H or
PsaB-W673L, indicating that there is no decay rate equiv-
alent to that attributed to the PsaB environment in WT C.
reinhardtii [19]. These data also indicate that although
PsaA-branch electron transfer is functioning in PsaB-
M664H and PsaB-W673L, electron transfer from P700 to
the PsaB-branch phyllosemiquinone at 100 K is blocked.4. Discussion
Since the initial evidence for two pathways of electron
transfer in PSI relied upon the detection of two different
rates of reoxidation of A1
. by optical spectroscopy [14], the
debate has centred on whether this reflects electron transfer
via the two possible branches of electron transfer utilising
the PsaA- and PsaB-bound phylloquinones [14], or alterna-
tively the A1–FX equilibrium model [36] (this topic is
reviewed and discussed in the recent review by Brettel
and Leibl [37]). In the A1–FX equilibrium model [36] it is
proposed that the free energies of the states P700.+A1
. and
P700.+FX
., connected to each other by a single pathway of
electron transfer, are close to each other so that the forward
and backward electron transfer rates between the two states
are similar. In such a situation, establishment of a quasi-
equilibrium between P700.+A1
. and P700.+FX. gives rise
to a fast phase of A1
. reoxidation, and depopulation of this
quasi-equilibrium by electron transfer from FX
. to the next
electron acceptor FA gives rise to a slower phase of electron
transfer. Brettel and Leibl [37] concluded that none of the
arguments that could be presented against the two branch
models was ‘‘waterproof’’, and added a note in proof that
the results obtained by Guergova-Kuras et al. [15] studying
the effects of PsaA-W693F and PsaB-W673F mutants of C.
reinhardtii were most easily explained if one assumed that
the faster phase of A1
. reoxidation reflects electron transfer
from the PsaB phyllosemiquinone, and the slow phase
reflected electron transfer forward from the PsaA phyllose-
miquinone. However, this conclusion is still controversial,
and it has been argued that mutations of a residue near the
phylloquinone on one polypeptide could be having an
indirect effect on electron transfer via the phylloquinone
on the other polypeptide.
What is not disputed is the observation that forward
electron transfer via the phyllosemiquinone is taking place
on at least the PsaA polypeptide. There is general accep-
tance in the literature that the decay of the ESP signal
attributed to the P700.+/A1
. radical pair occurring in
around 200 ns at room temperature reflects forward electron
transfer from A1
. to FX [8,9], and that this corresponds to
the slow phase of reoxidation of A1
. detected by optical
spectroscopy [10,12,36]. We have shown [11] by site-
directed mutagenesis of the conserved tryptophan PsaA-W693 of C. reinhardtii that this rate of ESP decay is
associated with the phylloquinone bound to PsaA, and
showed that photoaccumulation at pH 8 and 205/220 K or
pH 10 and 205 K reduces the phyllosemiquinone bound to
the PsaA polypeptide. These results were subsequently
confirmed independently by mutagenesis of both PsaA-
W693 and PsaB-W673 [35]. It has not proved possible so
far to measure an ESP transient corresponding to the fast
phase of reoxidation of A1
. detected by optical spectros-
copy, but this could be due to insufficient time resolution of
this technique.
The results obtained with the PsaA-M684H mutation
demonstrate that electron transfer via the PsaA phyllosemi-
quinone is blocked by this substitution. Photoaccumulation
at pH 10 and 220 K reduces the same two species (assigned
to a phyllosemiquinone and a chlorophyll anion) as are
photoaccumulated at pH 8 and 220 K (Fig. 2). This is in
contrast to the results obtained in WT C. reinhardtii PSI,
where photoaccumulation at pH 8 and 220 K reduces one
phyllosemiquinone (that on the PsaA branch [11,34]) and
one chlorophyll anion per P700. Photoaccumulation of WT
at pH 10 and 220 K reduces a second phyllosemiquinone
and chlorophyll anion per P700, with the additional phyllo-
semiquinone being attributed to the PsaB-bound A1
. [24].
In the PsaA-M684H samples neither of the species photo-
accumulated has the proton hfc’s formerly assigned to the
PsaA phyllosemiquinone, demonstrating that this substitu-
tion has blocked electron transfer from P700 to A1 on the
PsaA polypeptide. The phyllosemiquinone photoaccumu-
lated at pH 8 and 205 K or pH 10 and 205 K is not the PsaA
phyllosemiquinone seen in WT [11], but a phyllosemiqui-
none with the hfc’s assigned to the PsaB-bound A1
. (Fig. 3,
Table 1) [24]. Since this ENDOR spectrum of the PsaB
phyllosemiquinone is obtained without the need for sub-
traction of two separate ENDOR spectra, as was the case in
our previous measurement of this spectrum [24], it repre-
sents a more accurate determination of the hfc’s associated
with the PsaB-bound A1
.. In fact, all the previously
reported hfc’s (Table 1) are evident in this spectrum and
identical to those previously reported with the exception of
the hfc at 3.0 MHz attributed to a H-bond A? which was
previously reported as 3.6 MHz [24]. In addition, we report
here the measurement of an additional hfc to an H-bond AO
component, labelled feature 5, of 6.0 MHz.
Measurements of the effect of the PsaA-M684H substi-
tution on the decay of the ESP signal measured at 265 and
100 K confirm that electron transfer from P700 to A1 on the
PsaA polypeptide is blocked. The decay of the ESP signal at
265 K in approximately 350 ns seen in WT C. reinhardtii
PSI has been shown to monitor forward electron transfer
from A1
. to FX on the PsaA polypeptide [11]. This signal
cannot be detected in PSI from PsaA-M684H (Fig. 4a and
Table 2) demonstrating that electron transfer from P700 to
A1 on the PsaA polypeptide does not occur. No other decay
at 265 K is detected, indicating that any ESP decay due to
forward electron transfer from A1
. to FX on the PsaB
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‘‘slow’’ phase of decay of the ESP signal at 100 K seen in
WT samples reduced with sodium ascorbate and PMS or
sodium dithionite has previously been attributed to decay
of the correlation of the PsaA P700.+/A1
. radical pair,
with the rate reflecting the environment of the radical pair
on this polypeptide [19]. This ‘‘slow’’ decay is absent in
the PsaA-M684H (Table 2 and Fig. 4b) mutation, with just
a ‘‘fast’’ phase of decay detected. A significant ‘‘fast’’
phase of decay was only seen in WT C. reinhardtii PSI
when FX was reduced by photoaccumulation of the sodium
dithionite-reduced sample. Here it is seen without photo-
accumulation and remains unaltered in rate as the photo-
accumulation is carried out. This confirms that charge
separation between P700 and A1 cannot occur on the PsaA
polypeptide, but is continuing to occur on the PsaB
polypeptide, in agreement with the results at 265 K and
of the photoaccumulation experiments. The growth pheno-
type of the PsaA-M684H mutation (Fig. 1) demonstrates
that not only is electron transfer occurring on the PsaB
branch of electron transfer in the PSI of C. reinhardtii, but
that PsaB-side electron transfer on its own in the absence
of PsaA-side electron transfer is sufficient to support
photosynthetic growth. These results cannot be explained
by the ‘‘quasi-equilibrium’’ model [36], which assumes
electron transfer on only one branch of PSI.
Both the substitutions on the PsaB branch of electron
transfer also block kinetically competent electron transfer on
the PsaB branch. In both PsaB-M664H and PsaB-W673L,
the ‘‘fast’’ phase of decay at 100 K of the correlation of the
ESP signal arising from the geminate radical pair P700.+/
A1
., which is though to reflect the PsaB environment [19],
is absent (Fig. 4b and Table 2). This indicates that electron
transfer to the phyllosemiquinone on the PsaB branch is
blocked. Both of these mutants also have an effect on the
decay of the ESP signal at 265 K (Fig. 4a and Table 2)
which monitors forward electron transfer from A1 to FX on
the PsaA branch [11]. This suggests that these mutants are
having ‘‘indirect’’ effects on PsaA-branch electron transfer,
although the effect is relatively small for PsaB-M664H
(50% increase in rate for whole cells) and more significant
for PsaB-W673L, which is as might be predicted given the
proximity of the PsaA and PsaB phylloquinone binding
pockets [3].
Both PsaB-branch mutants are unable to grow photoau-
totrophically (Fig. 1). This might indicate that PsaB-branch
electron transfer is not taking place, and that PsaA side
electron transfer on its own is insufficient to support growth.
It might be argued that since the PsaB-branch mutants have
effects on PsaA-branch forward electron transfer, this con-
clusion should be qualified to indicate that PsaA-branch
electron transfer on its own, when modified by the PsaB-
branch mutations, is insufficient to support growth. How-
ever, the effect of the PsaB-M664H mutation on forward
electron transfer on the PsaA branch is relatively small,
particularly in whole cells (Table 2).However, there is another possible objection to reaching
this conclusion, that it is possible that the effect of the PsaB-
branch mutants on phototrophic growth is a secondary
effect, such as photoinhibition (the method used to make
the growth conditions anaerobic does leave some oxygen
present), or some other secondary mechanism. Until it has
been established that these mutants do inhibit PSI activity,
and until it has been shown that growth can be rescued by
reversing the mutation, we can only conclude that photo-
trophic growth of C. reinhardtii under the conditions we
have used is prevented in the PsaB-branch mutants, suggest-
ing that the B branch of electron transfer may be essential
for photoautotrophic growth.
The effects of the PsaB-M664H and PsaB-W673L sub-
stitutions on the PsaB branch are, however, different in one
respect from the effect of the PsaA-M684H substitution on
the PsaA branch. In the PsaB transformants, it is possible to
photoaccumulate the PsaB-branch phyllosemiquinone (Fig.
3 and Table 1). So, although these substitutions inhibit
kinetically competent electron transfer, they do not inhibit
reduction of the phyllosemiquinone on the PsaB branch by
the photoaccumulation technique. This is fortuitous since it
allows us to monitor the effect of the PsaB-W673L substi-
tution on the PsaB-branch phyllosemiquinone (Fig. 3b and
Table 1), which allows us to confirm the assignment of this
species to the PsaB phyllosemiquinone as previously sug-
gested [24]. The effect of the PsaB-W673L substitution on
the PsaB-branch phyllosemiquinone is almost identical to
the effect of the PsaA-W693H substitution [11], but not the
PsaA-W693L substitution, indicating that identical substi-
tutions in the two different phylloquinone binding pockets
do not necessarily have identical effects on the bound
phyllosemiquinones.
It is not possible from measuring the ESP decays at 100
K to estimate the relative amounts of electron transfer on
the PsaA and PsaB branches following a single turnover
flash. However, the optical measurements of Joliot and
collaborators [14,15] indicate that although the precise ratio
varies from species to species, approximately equal
amounts go up the two branches in C. reinhardtii. How
this can be achieved in a system where the constituents of
P700 (a chlorophyll a and chlorophyll a enol), and the
environment provided to these pigments by the PsaA and
PsaB polypeptides, exhibit a pronounced structural asym-
metry [3] has yet to be established. What does seem to be
the case from the results presented here is that modulation
of electron transfer on one branch redistributes electrons to
the other branch of electron transfer. This can be deduced
from two observations:
(a) Normally, the PsaB phyllosemiquinone can only be
photoaccumulated at pH 10 and 220 K in the presence
of sodium dithionite [24], but in PsaA-M684H, when
electron transfer is blocked on the PsaA branch, then
the PsaB phyllosemiquinone can be photoaccumulated
under conditions where only the PsaA phyllosemiqui
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205K or pH 10 and 205 K, Fig. 3a and Table 1).
(b) In WT it is necessary to photoaccumulate samples at 205
K in the presence of sodium dithionite to reduce FX in
order to see the ‘‘fast’’ phase of decay of correlation of
the ESP signal at 100 K attributed to the PsaB
polypeptide environment. However, in PsaA-M684H
such a signal is seen in the sodium dithionite dark
samples (Fig. 4b and Table 2).
Further experiments are now in progress to characterise
the distribution of electron transfer in these mutants, by
measuring the optical transients attributed to reoxidation of
the phyllosemiquinones at room temperature [14,15].
Whilst this manuscript was being revised, three more
papers were published directly addressing the issue of
bidirectional electron transfer in the photosystem I reaction
centre. Agalarov and Brettel [38] investigated the tempera-
ture dependence of the biphasic electron transfer (ET) from
the secondary acceptor A1 to FX by flash absorption
spectroscopy in PSI isolated from Synechocystis sp. PCC
6803. They concluded that whereas the slow phase of
reoxidation was temperature-dependent, the fast phase was
temperature-independent, and suggested that energetic
parameters (most likely the driving forces) rather than the
electronic couplings are different for electron transfer from
the A-branch phyllosemiquinone to FX compared to the B-
branch phyllosemiquinone to FX. Two alternative schemes
of ET in PS I were presented and discussed, one of which
envisaged bidirectional electron transfer and the other in
which electron transfer was on one branch to the B-branch
phyllosemiquinone, and then electron transfer to the A-
branch phyllosemiquinone occurred via FX. However, the
observations presented in this manuscript, and previous
reports that an ESP signal associated with electron transfer
to the PsaA-bound phylloquinone can be detected [11,35]
argue against the latter conclusion, since electron transfer to
the A-branch phyllosemiquinone via FX would prevent any
ESP signal from the geminate radical pair P700.+/A1
. on
the A branch. Although this leads to the conclusion that
bidirectional electron transfer does occur in PSI from
cyanobacteria, two other recent publications [39,40] argue
that electron transfer in PSI from cyanobacteria occurs
predominantly on the A branch.Acknowledgements
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